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B-DIMIENSIONAL REWRITING RULES FOR 
NATURAL LANGUAGE PROCESSING 

BACKGROUND 

The following relates to the linguistic arts. It finds particu 
lar application in conjunction with automated natural lan 
guage processing for use in diverse applications such as elec 
tronic language translators, grammar checkers for word 
processors, document content analyzers, and so forth, and 
will be described with particular reference thereto. However, 
it is to be appreciated that the following is also amenable to 
other like applications. 

Natural language processing is typically performed in 
three distinct processing layers: a lexical processing layer, a 
Syntactical processing layer, and a semantic processing layer. 
At the lexical stage, the linguistic input is broken into base 
constituent parts, typically including words and punctuation. 
Each word, punctuation mark, or other element is typically 
referred to as a token. At the lexical layer, an attempt is made 
to associate each word or token with lexical information 
contained in a lexicon. The lexicon includes morpho-syntac 
tic information, semantic information, and associated parts of 
speech. Such token association at the lexical stage is referred 
to as morphological analysis. The lexical layer generally 
operates on tokens individually, without taking into account 
the Surrounding context, that is, the Surrounding tokens. 
Accordingly, there is often substantial ambiguity remaining 
after the lexical processing. For example, the token “fly' in 
the English language could represent a noun indicative of an 
insect, or it could represent a verb indicative of aerial move 
ment. Moreover, it could be part of collocation such as “fly 
wheel' indicative of a mechanical device, or “fly by indica 
tive of an event-involving an aircraft flying overhead. 

At the syntactical layer, the tokens are processed with 
consideration given to contextual information. Thus, for 
example collocations are identified by recognizing the paired 
tokens (such as “fly” followed by “wheel'), and this addi 
tional contextual information is employed to narrow the word 
morpho-syntactic analysis and part of speech. The syntactical 
processing is sometimes broken down into a disambiguation 
level that takes into account the word definitions, and a con 
text-free grammar level that takes into account Syntactical 
categories (such as looking at sequences of parts of speech or 
higher level constituents) without otherwise considering 
word meaning. Suchagrammaris sometimes referred to as an 
augmented context-free grammar. The grammar is usually 
described by rewriting rules. Each rewriting rule associates a 
higher level constituent with an ordered sequence of lower 
level constituents. 
The rewriting rules can generally be employed in a “top 

down analysis or a “bottom-up’ analysis, or in Some com 
bination thereof. In a top-down approach, the overall form of 
the ordered sequence of tokens making up the linguistic input 
is analyzed to break the sequence down into Successively 
lower level constituents. For example, starting with a sen 
tence (S), a rewriting rule S->NPVP is used to identify a noun 
part (NP) and a verb part (VP) based on the overall form of the 
sentence. The NP and VP are high level constituents that are 
in turnbroken down into lower level constituents such as parts 
of speech. 

In a bottom-up approach, individual tokens are grouped to 
identify Successively higher level constituents. For example, 
the token “the tagged as an article (ART) followed by the 
token “dog” tagged as a noun (N) is grouped using a rewriting 
rule NP->ART N to identify “the dog” as a noun part (NP) 
constituent. The noun part may then in turn be grouped with 
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2 
a verb part (VP) according to rewriting rule S->NP VP to 
identify a sentence (S) constituent. 
Some syntactical processors employ recursive analysis. 

Consider the sentence: “I have answered the inquiry.” which 
contains a past participle “answered. The lexical analysis 
identifies a token "have” and the token “answered. Because 
the lexical analysis does not consider context, the token 
“have' is ambiguous, as it could be for example a verb or an 
auxiliary verb. The token “answered' is also ambiguous, and 
may be eitheran adjective or a past participle. It is assigned an 
appropriately ambiguous category such as ADJORPAP. At 
a first pass through the syntactical level, the ordered combi 
nation of “have followed by a token of category ADJOR 
PAP is recognized as a past participle form, and so “have is 
categorized as an auxiliary verb and “answered” is catego 
rized as a past participle. On a second pass through the Syn 
tactical level, a context-free re-writing rule recognizes the 
ordered combination of the auxiliary verb “have followed by 
a past participle as a present perfect tense Verbal constituent. 
Such recursive syntactical processing reduces the computa 
tional efficiency and speed of the syntactical layer. 

Another problem arises with the use of proper names. For 
example, consider the proper name “Bankunited Bancorp’. It 
would be desirable to recognize this as the proper name of a 
bank; however, at the lexical level the tokens “Bankunited' 
and “Bancorp' are unlikely to be included in the lexicon 
unless the named bank is a large national or international 
bank. If the lexicon does not contain these tokens, then the 
lexical level will be unable to assign morpho-syntactic infor 
mation, semantic information, or parts of speech to the tokens 
“Bankunited' and “Bancorp'. The subsequently performed 
syntactical level will also be unable to assign meaning to 
these tokens, except that possibly their status as noun parts of 
speech may be guessed based on the Surrounding context. 
Similar problems arise in other higher level constituent 
classes whose members are not readily exhaustively cata 
loged in the lexicon, such as chemical names, personal 
names, and so forth. 
The following copending, commonly assigned applica 

tions: Bililngual Authorizing Assistant for the “Tip of the 
Tounge” Problem (Xerox ID 20040609-US-NP. Ser. No. 
11/018,758 filed Dec. 21, 2004); and Retrieval Method For 
Translation Memories Containing Highly Structured Docu 
ments (Xerox ID 2003 1674-US-NP. Ser. No. 11/018,891 filed 
Dec. 21, 2004) are herein incorporated by reference. 

BRIEF DESCRIPTION 

In accordance with one aspect, a storage medium is dis 
closed storing instructions which when executed by a digital 
processor implement a rewriting rule for use in linguistic 
processing of an ordered sequence of linguistic tokens. The 
rewriting rule includes a character pattern recognition rule, 
and a token pattern recognition rule matching the ordered 
sequence of linguistic tokens with a syntactical pattern. The 
token pattern recognition rule incorporates the character pat 
tern recognition rule to match characters contained in an 
ambiguous portion of the ordered sequence of linguistic 
tokens with a character pattern defining a corresponding por 
tion of the syntactical pattern. 

In accordance with another aspect, a linguistic rewriting 
rule is disclosed for use in linguistic processing of an ordered 
sequence of linguistic tokens. The rewriting rule includes a 
character pattern recognition rule, and a token pattern recog 
nition rule matching the ordered sequence of linguistic tokens 
with a syntactical pattern. The token pattern recognition rule 
incorporates the character pattern recognition rule to match 



US 7,822,597 B2 
3 

characters contained in an ambiguous portion of the ordered 
sequence of linguistic tokens with a character pattern defining 
a corresponding portion of the syntactical pattern. 

In accordance with another aspect, a linguistic processing 
method is provided for processing an ordered sequence of 
linguistic tokens. An attempt is made to match the ordered 
sequence of linguistic tokens with a syntactical pattern. At 
least a portion of the attempted matching is performed by 
attempting matching of characters contained in an ambiguous 
portion of the ordered sequence of linguistic tokens with a 
character pattern. At least one of: (i) the ordered sequence of 
linguistic tokens, (ii) an ordered Sub-sequence of the ordered 
sequence of linguistic tokens, and (iii) a selected token of the 
ordered sequence of linguistic tokens, is categorized respon 
sive to a Successful matching. 

In accordance with yet another aspect, a parser is disclosed 
for parsing a linguistic input. A tokenizing module is in opera 
tive communication with a lexicon. The tokenizing module 
divides the linguistic input into an ordered sequence of lin 
guistic tokens. A character pattern recognition component is 
provided for attempting matching of an ordered sequence of 
characters with a character pattern. A token pattern recogni 
tion component is provided for attempting matching of the 
ordered sequence of linguistic tokens with a syntactical pat 
tern. The token pattern recognition component invokes the 
character pattern recognition component to attempt matching 
of an ambiguous portion of the ordered sequence of linguistic 
tokens with an indeterminate portion of the syntactical pat 
tern. A category associator is provided for associating a con 
stituent category with at least one of: (i) the ordered sequence 
of linguistic tokens, (ii) an ordered Sub-sequence of the 
ordered sequence of linguistic tokens, and (iii) a selected 
token of the ordered sequence of linguistic tokens. The asso 
ciating is performed responsive to a successful matching per 
formed by the token pattern recognition component. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 diagrammatically shows a block diagram of an 
example natural language processing System. 

FIGS. 2A, 2B, 3A, 3B, and 4 diagrammatically show vari 
ous character-based automatons Suitable for implementing 
character pattern recognition rules incorporated into example 
bidimensional rewriting rules described herein. 

DETAILED DESCRIPTION 

With reference to FIG. 1, a natural language processing 
system includes a parser 10 that receives a natural language 
text 12, Such as a paragraph, sentence, a portion of a sentence, 
or a multiple-word text fragment written in French, English, 
or another natural language. The parser 10 includes a token 
izing module 14that breaks the natural language text 12 down 
into an ordered sequence of tokens. For example, in a Suitable 
approach each word bounded by spaces and/or punctuation is 
defined as a single token, and each punctuation mark is 
defined as a single token. The tokenizing module 14 also 
performs lexical or morphological processing. The tokeniz 
ing module 14 attempts to assign morpho-syntactic informa 
tion, semantic information, and a part of speech to each token 
without considering Surrounding context of the token, that is, 
without considering adjacent tokens. To do so, it references a 
lexicon 16. 
The lexicon 16 is a database of words of the French, 

English, or other natural language undergoing processing. 
The lexicon 16 associates morpho-syntactic information, 
semantic information, and parts of speech with the stored 
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4 
words of the natural language. Thus, for example, a token 
“gorilla' is identified in the lexicon 16 with morpho-syntactic 
information Such as “masculine', 'singular, or so forth, and 
with semantic information Such as “animal', and is also cat 
egorized as a noun constituent. In some embodiments, the 
tokenizing module 14 uses automatons to divide the input text 
12 into tokens and to compare and identify tokens with entries 
in the lexicon 16. 

However, because the lexical processing performed by the 
tokenizing module 14 does not consider context, some tokens 
may be ambiguous. For example, the token "document can 
be a noun or a verb, depending upon how it is used in an 
English sentence. This can be addressed in the lexical pro 
cessing by assigning to the token "document both noun and 
verb as two candidate parts of speech. In addition, some 
tokens may not be included in the lexicon 16. For example, 
the lexicon 16 cannot include a comprehensive and exhaus 
tive list of the proper name of every person, place, business, or 
other named entity. 

After the lexical processing performed by the tokenizing 
module 14, the ordered sequence of tokens undergoes syn 
tactical analysis performed by a syntactic processor 20. While 
the lexical analysis considered each token in isolation, the 
Syntactical analysis considers ordered combinations of 
tokens. Such syntactical analysis may unambiguously deter 
mine the parts of speech of some tokens which were ambigu 
ous or unidentified at the lexical level. Additionally, syntac 
tical analysis can identify higher level constituents which are 
made up of more than one word or token. Thus, for example, 
the ordered sequence of tokens “have answered can be 
unambiguously identified both as to parts of speech of the 
individual tokens “have and “answered, and as a higher 
level verbal constituent "have answered'. 

In some embodiments, the syntactical analysis employs a 
context free grammar, which takes into account grammatical 
categorizations such as parts of speech and higher level cat 
egorizations such as multi-word proper names, noun parts, 
and so forth, but which does not take into account the meaning 
of words given by the word definitions. However, a purely 
context free grammar may miss collocations, which are mul 
tiple word constructs that use tokens in non-standard ways. 
For example, the term “fly wheel uses the constituent token 
“fly' in a non-standard way. 

Accordingly, in the illustrated embodiment an augmented 
context-free grammar is used. A disambiguation module 22 
processes collocations based on information from the lexicon 
16. Thus, if the lexicon identifies the collocation “fly wheel', 
the disambiguation module 22 Suitably categorizes the token 
“wheel' as a noun (N), and the token “fly' as an adjective 
(ADJ). It will be appreciated that a purely context-free gram 
mar is unlikely to be able to properly categorize “fly' because 
“fly' is not ordinarily an adjective. 
The context-free component of the augmented context free 

grammar is implemented by a chunking module 24 that 
applies a context free grammar 26 defined by suitable rewrit 
ing rules. Each rewriting rule of the context free grammar 26 
defines a token pattern recognition rule matching an ordered 
sequence of linguistic tokens with a syntactical pattern, and 
thus associates a higher level constituent with an ordered 
sequence of lower level constituents defined by the ordered 
sequence of linguistic tokens. For example, the rewriting rule 
S->NPVPassociates the higher level sentence (S) constituent 
with lower level noun part (NP) and verb part (VP) constitu 
ents each of which is made up of an ordered sequence of one 
or more linguistic tokens. The rewriting rule NP->ADJ N 
associates a higher level noun part (NP) with a token tagged as 
an adjective (ADJ) followed by a token tagged as a noun (N). 
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These are examples only; typical context free grammars 
include many Such rewriting rules that collectively encom 
pass many syntactical patterns. Both the disambiguation 
module 22 and the rewriting rules of the context free grammar 
26 operate at the token constituent level or higher. 
The chunking module 24 also implements bidimensional 

rewriting rules 30 that address certain syntactical constructs 
which the augmented context free grammar is unable to effi 
ciently process. Each of the bidimensional rewriting rules 30 
defines a token pattern recognition rule matching an ordered 
sequence of linguistic tokens with a syntactical pattern. 
Unlike the rewriting rules of the context free grammar 26 
which operate at the token constituent level or higher, each 
bidimensional rewriting rule incorporates at least one char 
acter pattern recognition rule that matches characters con 
tained in an ambiguous portion of the ordered sequence of 
linguistic tokens with a character pattern defining a corre 
sponding portion of the syntactical pattern. Hence, the bidi 
mensional rewriting rules 30 are bidimensional in that the 
they describe linguistic expressions according to both lexical 
patterns at the character level and syntactical patterns at the 
token constituent level or higher. 

The bidimensional rewriting rules 30 address certain syn 
tactical patterns that require syntactical considerations and 
hence are not addressable at the lexical level, but which are 
not readily described at the token or higher constituent level 
alone. For example, business entities often have proper names 
that include a word root Suggestive of the type of business. 
The word root is insufficient to tag the token at the lexical 
level, but when combined with syntactical information can be 
unambiguously identified. A similar situation exists in chemi 
cal names which are commonly multiple word terms con 
structed from word roots related to chemical elements. The 
word roots are sometimes identifiable at the character level, 
but the number of combinations are too diverse to be cata 
loged in the lexicon 16. Other situations where bidimensional 
rewriting rules 30 are advantageous are set forth in the 
examples provided herein. 
The syntactic processor 20 is an illustrative example. In 

Some embodiments, the syntactic processing may be recur 
sive, as indicated by the dotted processing backflow arrow 32 
in FIG.1. In some embodiments, the disambiguation module 
22 is omitted Such that the syntactic processor implements a 
purely context free grammar. In some embodiments, the dis 
ambiguation module 22 and the chunking processor 24 are 
combined as a single unitary syntactic processor that imple 
ments both context free rewriting rules and selected context 
based rewriting rules using morpho-syntactic and semantic 
information obtained from the lexicon 16. 

The output of the parser 10 can be used in various ways, 
depending upon the intended application of the natural lan 
guage processing system. For example, in a grammar checker 
for use in conjunction with a word processor, the output of the 
parser 10 may be used directly if all tokens are successfully 
tagged with unambiguous parts of speech, then the corre 
sponding natural language text 12 is deemed grammatically 
correct; whereas, if some tokens are unable to be unambigu 
ously tagged, these ambiguities are reported as possible 
grammatical problems, for example by underlining the 
ambiguous words in the displayed word processing text. In 
document content analyzers, language translators, and other 
applications in which the meaning of the text is relevant, the 
output of the parser 10 may undergo further processing. Such 
further semantic processing is generally indicated in FIG. 1 
by a semantic processing module 34, which may perform 
document content analysis, language translation, or so forth. 
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6 
Having described the illustrated example parser 10 which 

incorporates bidimensional rewriting rules 30, some 
examples of bidimensional rewriting rules are described to 
provide further illustration. 

Certain entity type assignments are suitably addressed by a 
properly constructed bidimensional rewriting rule. It is diffi 
cult to have exhaustive list of proper names of businesses or 
other organizations in the lexicon 16. For example, a shortlist 
of possible names of financial institutions is: BankAtlantic 
Bancorp, Bankunited Financial; BankEngine Technologies; 
and Bankshare Benchmark. This list is clearly not exhaustive. 
The tokens “BankAtlantic”, “Bankunited”, “BankEngine'. 
“Bankshares' are unlikely to be included in the lexicon 16. 
Each of these tokens carries strong information about the fact 
that they are part of the proper name of a financial institution, 
due to the capitalized word root “Bank” in each token. How 
ever, by itself, this word root is insufficient for the tokenizer 
14 to identify the isolated token as part of a proper name. This 
root in combination with Surrounding syntactical information 
provided by the capitalization of the following token, pro 
vides enough information to assert relatively assuredly that 
the ordered token sequences: “BankAtlantic Bancorp'; 
“Bankunited Financial”; “BankEngine Technologies’; and 
“Bankshare Benchmark” are proper names of financial insti 
tutions. However, the context free grammar 26 operates at the 
token constituent level or higher, and thus is unable to account 
for the “Bank...” word root in a context free grammar rule. 
A bidimensional rewriting rule, however, can account for 
both the character-based word root aspect “Bank...” and the 
Syntactical aspect of following a token having this word root 
with a capitalized noun. 
A suitable bidimensional rewriting rule that identifies all 

these token sequences as financial institutions is Suitably 
written algebraically as: 

nounorganization:- enounlemma:Bank2+, noun 
lemma:A-Z2* (1), 

where the bidimensional rewriting rule (1) is interpreted as 
follows: “an element of category noun bearing the feature 
organization is rewritten as the concatenation of an element of 
category noun whose lemma matches with Bank followed 
by any sequence of characters and of an element of category 
noun starting with a capital letter. Using the bidimensional 
rewriting rule (1), all previous financial institution proper 
names, as well as many similarly named financial institutions, 
will be assigned the feature organization, without requiring 
additional lexical coding for words that do not belong to the 
lexicon 16. 

With reference to FIGS. 2A and 2B, each of the two char 
acter pattern recognition rule components of the bidimen 
sional rewriting rule (1) include a lemma. Each lemma 
addresses an ambiguous portion of the syntactical pattern, 
and is Suitably implemented by an automaton Such as a trans 
ducer. FIG. 2A diagrammatically shows an automaton that 
suitably implements “lemma:Bank?+'. FIG. 2B diagram 
matically shows an automaton that Suitably implements 
“lemma:A-Z?”. The automaton of FIG. 2A operates on the 
characters of the first token of the ordered sequence of tokens 
from left-to-right, while the automaton of FIG. 2B operates 
on the characters of the second token of the ordered sequence 
of tokens, also from left-to-right. 

Another example application of bidimensional rewriting 
rules deals with the recognition of multiword terminology in 
domain specific corpora. For example, in domains such as 
chemistry and medicine, chemical element names are often 
built on similar lexico-syntactic patterns. Consider, for 
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example, the following non-exhaustive list of acid names: 
alpha-collatolic acid, alectoronic acid, barbatic acid, caper 
atic acid, constictic acid, consalazinic acid, 4-o-demethylbar 
batic acid, civaricatic acid, echinocarpic acid, evemic acid, 
fumarprotocetraric acid, glomelliferic acid, glomellic acid, 
gyrophoric acid, lobaric acid, lecanoric acid, norobtusatic 
acid, norStictic acid, nrotocetraric acid, nerlatolic acid, Seca 
lonic acid, Stenosporic acid, Stictic acid, Salazinic acid, and 
uSnic acid. There are many other similarly named acids, in 
which the name includes a word ending in “-ic' followed by 
“acid'. A comprehensive list of such acids would be difficult 
to encode in the lexicon 16. However, all acid names which 
include a word ending in "-ic' followed by “acid are suitably 
covered by the bidimensional rewriting rule: 

Noun acid Name=+->?lemma: a-z---ic, noun 
lemma:acid (2). 

The bidimensional rewriting rule (2) suitably categorizes all 
of the aforementioned acid names without coding anything in 
the lexicon 16. 

With reference to FIGS. 3A and 3B, the character pattern 
recognition rules in bidimensional rewriting rule (2) include 
two lemmas. Each lemma addresses an ambiguous portion of 
the syntactical pattern, and is suitably implemented by an 
automaton Such as a transducer. FIG. 3A diagrammatically 
shows an automaton that Suitably implements "lemma: a 
Z\-+ic'. FIG. 2B diagrammatically shows an automaton that 
suitably implements “lemma:acid”. The automaton of FIG. 
2A operates on the characters of the first token from right-to 
left, while the automaton of FIG. 2B operates on the charac 
ters of the second token from left-to-right. Since the second 
lemma is a fixed-length four-letter word, an equivalent 
automaton operating from right-to-left (running from State 4 
to State 0 of FIG. 2B) would also be suitable. 

Bidimensional rewriting rules can also be advantageous in 
identifying parts of speech based on syntactical information. 
For example, consider a syntactical pattern in which an 
ambiguous unknown word ending with “-ed' is preceded by 
a form of the verb “have’. The syntactic processor 20 can 
address this syntactical pattern to identify the word ending in 
'-ed' as a past participle by taking advantage of the context, 
and can simultaneously construct a complex verbal form with 
a form of the “have' auxiliary verb followed by the word 
ending in '-ed' using the following bidimensional rewriting 
rule: 

Verb Chain perfect=+)->Verb lemme:have),? 
guess:+lemma:2+ed.cat pastparticiple (3), 

where “lemme:have identifies various forms of the auxiliary 
verb “have’. Using bidimensional rewriting rule (3), three 
linguistic processing tasks are simultaneously accomplished: 
(i) the word ending in “-ed' is identified as a past participle: 
(ii) the word ending in '-ed' is categorized as “pastparti 
ciple'; and (iii) a higher level constituent is built from con 
catenation of lower level constituents. 
As described previously in the Background section, the 

functionality of bidimensional rewriting rule (3) can be 
achieved using Syntactical processing employing an aug 
mented context free grammar without using a bidimensional 
rewriting rule. However, the equivalent processing performed 
without using a bidimensional rewriting rule requires two 
recursive passes through the syntactical level, whereas the 
bidimensional rewriting rule (3) accomplishes both disam 
biguation and higher level constituent construction simulta 
neously in a single pass of the syntactical level. 

With reference to FIG. 4, the character pattern recognition 
rule “lemme:have is suitably implemented by an automaton. 
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8 
The automaton diagrammatically illustrated in FIG. 4 oper 
ates on the characters of the first token from left-to-right and 
identifies any one of the “have”, “had, and “has forms of the 
auxiliary verb. The “lemma:2+ed operation is suitably 
implemented by the automaton of FIG. 3A operating on the 
characters of the second token from right-to-left, with the arc 
labeled 'c' replaced by an arc labeled 'd', and the arc labeled 

99 i” replaced by an arc labeled “e'. 
As yet another example, bidimensional rewriting rules can 

be used to achieve a syntactic construction that is controlled 
by low-level characteristics of constituents building the 
higher level phrase. For example, a natural language proces 
Sor may be used to analyze in a text all sentences containing 
in their subject the lemma “printer' (where the surface form 
can be in singular or in plural). The following bidimensional 
rule constructs the sentence structure and simultaneously 
verifies that the lemma “printer is present in the noun part 
(NP) preceding a verb part (VP) in the active form: 

S->NPlemma:?*printer?*), VPactive form:+ (4) 

The bidimensional rewriting rule (4) works both at the char 
acter level and at the phrase level to check the characteristic of 
the String building the NP using a regular expression. The 
“lemma:?printer?' operation is applied to the NP as fol 
lows: the characters of ordered sequence of tokens making up 
the NP are concatenated, and the lemma is applied to this 
concatenated String to identify the Sub-string "printer any 
where in the concatenated NP string. In a similar way, a 
Surface form for a higher-level constituent can be imple 
mented by matching the exact string found in the text that is 
under the node associated to this higher-level constituent. 
The foregoing example bidimensional rewriting rules (1)- 

(4) are illustrations. While the example bidimensional rewrit 
ing rules perform entity type assignment, multi-word terms 
recognition, contextual guessing, and simultaneous filtering 
and syntactic analysis tasks, it will be appreciated that many 
other linguistic processing tasks can be enabled or made more 
efficient through the use of bidimensional rewriting rules. 
The parsing described herein employing bidimensional 

rewriting rules can be implemented using Substantially any 
Suitable natural language processing platform. Typically, a 
storage medium stores instructions which when executed by 
a digital processor implement one or more bidimensional 
rewriting rules for use in linguistic processing. The digital 
processor may be, for example, a desktop computer, a laptop 
computer, a network server computer, a remote computer 
accessed via the Internet, a microprocessor of a cellular tele 
phone, a microprocessor of a personal data assistant (PDA), a 
microprocessor of a hand held electronic language translator, 
or a mainframe computer. The storage medium may be, for 
example, a magnetic disk or an optical disk. In some embodi 
ments, the instructions are downloaded from the Internet or 
another network, in which case the storage medium can be 
viewed as the volatile random access memory (RAM) or 
another storage medium that temporarily stores the instruc 
tions. The bidimensional rewriting rules can be used in top 
down or bottom-up parsing pipelines, or in parsers employing 
Some combination of top-down and bottom-up parsing. 

In some embodiments, the Xerox Incremental Parser (XIP) 
has been adapted to perform parsing using bidimensional 
rewriting rules where appropriate. The XIP platform employs 
Successive tokenization/morphological analysis, disambigu 
ation, and chunking layers, and implements a bottom-up 
deterministic parsing pipeline without recursion using a 
single data structure to represent the linguistic information 
throughout the processing. Additional background concern 
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ing the XIP parser is disclosed in the following publications 
which are incorporated by reference: Salah Alt-Mokhtar & 
Jean-Pierre Chanod, Incremental finite-state parsing, in Pro 
ceedings of Applied Natural Language Processing 1997 
(Washington, D.C., April 1997) and Ait-Mokhtar et al., U.S. 5 
Published Application No. 2003/0074187, Ser. No. 09/972, 
867, filed Oct. 10, 2001. 
The bidimensional rule mechanism is implemented to pro 

vide the parser with access to in-depth information Such as 
lemmas or Surface forms: regular expressions matching Sur- 10 
face forms or lemmas of the input string can be applied 
simultaneously with the construction of higher-level constitu 
ents, and therefore constrain the application of the syntactic 
rules. The mechanism includes the application of regular 
expressions on preterminal categories (like nouns, verbs, etc) 15 
and also on non-terminal categories (like noun parts (NP), 
verb parts (VP), etc.). In one Suitable approach for applying a 
lemma or Surface form to a non-terminal category, the pro 
cessed string associated with the non-terminal constituent is 
the concatenation of all Substrings associated with its Sub- 20 
constituents. Other approaches can be used, such as applying 
the lemma to each token included in the non-terminal cat 
egory, and disjunctively combining the results with logical 
“OR” operations. 

In one approach for adapting the XIP to include bidimen- 25 
sional rewriting rules, the parser compiles each bidimen 
sional rewriting rule as a designated automaton where a state 
is a combination of a category name and a complex feature 
structure. The regular expressions on lemmas and Surface 
forms are also compiled into character-based automata to 30 
implement character pattern recognition rule components of 
the bidimensional rewriting rule. Feature validity checking of 
the XIP is suitably adapted to apply the character-based 
automata on the Surface form or on the lemma of a given 
lexical or syntactic node. The application of the character- 35 
based automata is deterministic and applies according to the 
shortest match. This example adaptation of the XIP allows 
declaration of an arbitrary number of features. The surface 
form and the lemma take strings as input at running time, 
when lexical nodes are created out of the input. When a 40 
bidimensional rewriting rule includes one of these character 
pattern recognition features, the parser recognizes it at com 
pilation time and translates the test into a character-based 
automaton, Such as one of the example automatons illustrated 
in FIGS. 2A, 2B, 3A, 3B, and 4. The translation into an 45 
automaton of each of these tests allows the system to handle 
complex regular expressions in an efficient way. The right 
hand side of a bidimensional rewriting rule can be imple 
mented as an automaton bearing on syntactic categories, 
while a character pattern recognition component of the bidi- 50 
mensional rewriting rule is implemented as an automaton 
bearing on a string. The implementation of regular expres 
sions is an example approach for implementing these expres 
sions; however, other implementations can be employed. 
Moreover, while embodiments employing the XIP engine are 55 
described by way of example, it is to be appreciated that 
Substantially any linguistic parser can readily incorporate 
bidimensional rewriting rules such as those described herein 
using Suitable automata or other computational implementa 
tions. 60 

The example embodiments have been described. Obvi 
ously, modifications and alterations will occur to others upon 
reading and understanding the preceding detailed descrip 
tion. It is intended that the disclosed embodiments be con 
Strued as including all Such modifications and alterations 65 
insofar as they come within the Scope of the appended claims 
or the equivalents thereof. 
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The invention of claimed is: 
1. A storage medium storing instructions, which when 

executed by an associated digital processor, implement one or 
more bi-dimensional rewriting rules for use in linguistic pro 
cessing of an ordered sequence of linguistic tokens, each 
bi-dimensional rewriting rule being implemented as an 
automaton in which a state is a combination of a category 
name and a complex feature structure and including a token 
pattern recognition rule matching the ordered sequence of 
linguistic tokens with a syntactical pattern implemented as an 
automaton bearing on syntactic categories, said one or more 
bi-dimensional rewriting rule integrating said token pattern 
recognition rule with at least one character pattern recogni 
tion rule that, matches characters contained in an ambiguous 
portion of the ordered sequence of linguistic tokens with a 
character pattern defining a corresponding portion of the Syn 
tactical pattern, wherein said bi-dimensional rules describe 
linguistic expressions according to both lexical patterns at the 
character level and syntactical patterns at the token level or 
higher. 

2. The storage medium as set forth in claim 1, wherein the 
character pattern recognition rule includes a lemma. 

3. The storage medium as set forth in claim 1, wherein the 
character pattern recognition rule includes a Surface form. 

4. The storage medium as set forth in claim 1, wherein the 
ambiguous portion of the ordered sequence of linguistic 
tokens includes a plurality of tokens defining a higher-level 
constituent, and the character pattern recognition rule 
includes one of a lemma and a surface form applied to the 
higher-level constituent. 

5. The storage medium as set forth in claim 1, wherein the 
syntactical pattern includes an ordered sequence of tokens 
each having a selected part of speech. 

6. The storage medium as set forth in claim 1, wherein the 
token pattern recognition rule is one of (i) a context-free 
grammar rule and (ii) an augmented context-free grammar 
rule. 

7. The storage medium as set forth in claim 1, wherein the 
rewriting rule associates the ordered sequence of linguistic 
tokens matching the syntactical pattern with a named entity 
category. 

8. The storage medium as set forth in claim 7, wherein the 
Syntactical pattern includes a token that: (i) is categorized as 
a noun and (ii) starts with a capital letter. 

9. The storage medium as set forth in claim 1, wherein the 
rewriting rule associates the ordered sequence of linguistic 
tokens matching the syntactical pattern with a predetermined 
higher-level constituent category. 

10. The storage medium as set forth in claim 1, wherein the 
ambiguous portion includes a single token that is not tagged 
with a part of speech, each of the other tokens of the ordered 
sequence of linguistic tokens being tagged with a part of 
speech, and the rewriting rule associates the untagged token 
with a part of speech based on the matching. 

11. The storage medium as set forth in claim 1, wherein the 
ordered sequence of linguistic tokens is selected from a group 
consisting of: (i) a sentence, (ii) a portion of a sentence, and 
(iii) a multiple-word text fragment. 

12. A linguistic processing method for processing an 
ordered sequence of linguistic tokens, the linguistic process 
ing method comprising: 

a processor, via an automaton in which a state is a combi 
nation of a category name and a category feature struc 
ture, that implements one or more bi-directional rewrit 
ing rules, which attempt to match the ordered sequence 
oflinguistic tokens with a syntactical pattern, wherein at 
least a portion of the attempted matching is performed 
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by attempting matching of characters contained in an 
ambiguous portion of the ordered sequence of linguistic 
tokens with a character pattern by performing an 
automaton operation, bearing on syntactic categories, 
that determines whether a token of the ambiguous por 
tion matches the character pattern, and 

categorizing (i) the ordered sequence of linguistic tokens, 
(ii) an ordered Sub-sequence of the ordered sequence of 
linguistic tokens, and (iii) a selected token of the ordered 
sequence of linguistic tokens, responsive to a Successful 
matching, wherein said bidirectional rewriting rules 
integrate a token pattern recognition rule with at least 
one character pattern recognition rule. 

13. The linguistic processing method as set forth in claim 
12, wherein the categorizing comprises: 

associating a part of speech with at least one token defining 
the ambiguous portion of the ordered sequence of lin 
guistic tokens. 

14. The linguistic processing method as set forth in claim 
12, wherein the categorizing comprises: 

associating the ordered sequence of linguistic tokens with 
a higher level constituent category. 

15. The linguistic processing method as set forth in claim 
12, wherein the attempted matching of the ordered sequence 
oflinguistic tokens with a syntactical pattern implements one 
of (i) a context-free grammar rule and (ii) an augmented 
context-free grammar 

16. A parser for parsing a linguistic input, the parser com 
prising: 

a lexicon; and 
a tokenizing module in operative communication with the 

lexicon, the tokenizing module dividing the linguistic 
input into an ordered sequence of linguistic tokens, com 
prising one or more bi-dimensional rewriting rules 
implemented in an automaton in which a state is a com 
bination of a category name and a category feature struc 
ture, said bi-dimensional rewriting rule further compro 
mising: 
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a character pattern recognition component for attempt 

ing matching of an ordered sequence of characters 
with a character pattern wherein the character pattern 
recognition component comprises an automaton 
operating on a character level; 

a token pattern recognition component, comprising an 
automaton operating on syntactic categories at a 
token or higher constituent level, for attempting 
matching of the ordered sequence of linguistic tokens 
with a syntactical pattern, the token pattern recogni 
tion component being integrated with the character 
pattern recognition component to attempt matching 
of an ambiguous portion of the ordered sequence of 
linguistic tokens with an indeterminate portion of the 
Syntactical pattern; and 

a category associator for associating a constituent cat 
egory with at least one of: (i) the ordered sequence of 
linguistic tokens, (ii) an ordered Sub-sequence of the 
ordered sequence of linguistic tokens, and (iii) a 
selected token of the ordered sequence of linguistic 
tokens, the associating being performed responsive to 
a successful matching performed by the token pattern 
recognition component. rule. 

17. The parser as set forth in claim 16, wherein the token 
izing module further attempts assigning a part of speech to 
each token of the ordered sequence of linguistic tokens with 
out considering Surrounding context of the token, and the 
Syntactical pattern specifies one or more part of speech con 
stituents. 

18. The parseras set forth in claim 17, wherein the category 
associator associates a part of speech to at least one token of 
the ordered sequence of linguistic tokens responsive to a 
Successful matching by the token pattern recognition compo 
nent. 

19. The parser as set forth in claim 16, wherein the automa 
ton implements one of a lemma and a Surface form. 

k k k k k 


